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OPTIMAL CONTROL TECHNOLOGY FOR
DISTRIBUTED ENERGY RESOURCES

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application 1s a continuation of U.S. application Ser.
No. 16/049,7785 filed on Jul. 30, 2018, which claims priority

to U.S. Provisional Patent Application No. 62/338,637 filed

Jul. 28, 2018, the disclosure of which i1s incorporated by
reference as set forth i full.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
contract number DE-SC0015936 awarded by U.S. Depart-

ment of Energy. The government has certain rights in the
invention.

TECHNICAL FIELD

This disclosure generally relates to systems and methods
for managing electric power grid resources and, more par-
ticularly, managing and allocating high penetration levels of
photovoltaic, energy storage, and other distributed energy
resources (DERs) 1n electric power grnid systems to meet
user demand.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a logical interaction between a controller
and utilization of resources, including solar energy and local
loads, according to one or more example embodiments of
the disclosure.

FIG. 2 depicts the control plane and power plane of a
utility distribution system and microgrid, according to one
or more example embodiments of the disclosure.

FIG. 3 depicts a load management control module
(LMCA), according to one or more example embodiments
of the disclosure.

FIG. 4 depicts a resource allocation scheme, according to
one or more example embodiments of the disclosure.

FIG. § depicts a control scheme for resource allocation,
according to one or more example embodiments of the
disclosure.

FIG. 6 depicts a forecasting module, according to one or
more example embodiments of the disclosure.

FIG. 7 depicts a power system power propagation mod-
ule, according to one or more example embodiments of the
disclosure.

FIG. 8 depicts a coordinated voltage control, according to
one or more example embodiments of the disclosure.

FIG. 9 depicts a messaging scheme of a control plane and
power plane of a utility distribution system and microgrid,
according to one or more example embodiments of the
disclosure.

FIG. 10 depicts a process of optimizing a control scheme
for resource allocation, according to one or more example
embodiments of the disclosure.

FIG. 11 depicts a process of optimizing a control scheme
for resource allocation, according to one or more example
embodiments of the disclosure.

FI1G. 12 depicts a process of optimizing a control scheme
for resource allocation, according to one or more example
embodiments of the disclosure.
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FIG. 13 depicts a process of optimizing a control scheme
for resource allocation, according to one or more example
embodiments of the disclosure.

FIG. 14 depicts a hardware device, according to one or
more example embodiments of the disclosure.

DETAILED DESCRIPTION

This disclosure uses a predictive model in order to predict
the cost of energy 1n real time. In addition, 1t can predict the
cost of energy in the future. The disclosed example model
uses load (on the grid), weather (for solar panels and wind
turbines), time of day, and other factors 1n order to predict
the cost of energy. Knowing when energy costs are the
highest/lowest may allow devices on consumers’ premises
to make informed decisions as to how to behave regarding
energy consumption. This may enable consumer premises to
charge battery packs, cars, etc. when consumption 1s lowest/
cheapest and use or sell battery power when costs are the
highest. In particular, the cost associated with one or more
distributed energy resources (DERs) (e.g., battery storage,
solar PV resources, and/or wind energy resources) are
allocated, or turned on or turned off, to match the demand for
power at one or more loads based on the cost associated with
the DERs. Toggling the DERs reduces strain on the grid as
a whole, and minimizes the cost associated with the trans-
portation of power using traditional resources such as coal,
natural gas, nuclear, petroleum, diesel, and hydroelectric.
Part of the reason why the cost can be mimimized 1s because
DERs are integrated into what 1s called a microgrid which 1s
located within a residential, industrial, and/or commercial
neighborhood. The microgrid comprises the DERs and
power lines that connect the DERSs to the one or more loads
within the residential, industrial, and/or commercial neigh-
borhood. Because the DERs are located closer to the one or
more loads as opposed to traditional power resources, the
cost to transfer the power from the resources to the one or
more load can be greatly reduced. The microgrid may
comprise one or more DERSs, some of which may be cheaper
to use than some of the other one or more DERs. Accord-
ingly, the cost to a consumer may be reduced even further 1f
the one or more DERs are allocated to the one or more loads
based on a selection of the cheapest DERSs of the one or more
DERs at a given point in time. This disclosure explains a
method that accomplishes the task of allocating the one or
more DERs to the one or more loads based on the costs of
the one or more DERs.

A framework has been conceived and functionally defined
that includes a two-level control architecture. The first level
(Level 1) 1s generally referred to as the smart enterprise
energy management system (SEEMS). The SEEMS can
optimize local distributed energy resources (DERs) and
responsive load, including real-time real-power and ancil-
lary services pricing information from the utility to evaluate
the trade-space between the local use of resources and
export of resources 1n support of the utility grid, distribution
system. The second level (Level 2) 1s generally referred to
as the distribution optimal control system (DOCS). The
DOCS can be a utility supervisory control and/or advanced
distribution management system application that works with
multiple distributed SEEMS to optimally coordinate and
control real and reactive power over an area populated with
DER. An optimal real-time control approach that uses a
constrained sampling based model predictive control
(SBMPC) method may be adapted to the DER allocation
problem. The SBMPC can be a market-based solution with
a cost minimization objective function. The market-based
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approach may make 1t possible to achieve an eflicient
allocation of resources for energy and ancillary services that
may address the needs of multiple stakeholders, including
the DER owners, the electric utility, and the energy con-
sumers. This dlsclosure provides a high level of control and
optimization capability at both the SEEMS and the DOCS
level. The two-level control architecture 1s advantageous for
tuture high-penetration photovoltaic (PV) integration, such
as solar. PV at high-penetration levels, should work opti-
mally as part of the local on-site, customer-side system of
loads and resources, as well as function in an integrated
tashion with the utility, particularly medium and larger size
systems. Optimizing use of resources in real-time, consid-
ering variation in intermittent generation, load, and real-time
price of grid-supplied energy may be accomplished with the
computational tools that include current and forecasted
system state, as disclosed herein.

An advanced optimal resource allocation (AURA) con-
troller 1s provided for solar and DERs, to address the
complexities of optimizing and matching resources in real-
time, based on the cost of the resources and any intermittent
generation 1ssues of the resources, with the load at consum-
ers’ premises. The AORA controller of solar and DER at the
SEEMS level was formulated as an optimal control problem,
with the flexibility to optimize the allocation of multiple
DER, including responsive load.

Grid-connected solar PV resource generation continues to
experience substantial growth. In 2016, 14.76 MW DC of
new capacity was 1installed 1n the U.S., nearly double that
installed the year prior. Continued growth 1s expected with
the total installed solar PV resource capacity in the U.S.
expected to nearly triple over the next 5 years. Studies
suggests that economic and operational 1ssues will arise at
very high penetration levels of solar PV resources in the
clectric power system due to the resulting and expected
imbalance of supply and demand. A key to extracting the full
value from solar PV resources and allowing greater levels of
penetration may be in considering the value proposition of
solar PV resources 1n the context of the entire electric power
system and in combination with other resources. Solar PV
resources have the potential to improve economics of the
entire power system

In many cases, grid-connected solar PV resources that are
not utility-owned continue to be primarily deployed under
one of two basic frameworks: 1) to reduce or eliminate
metered load, through net-metering programs, or, 2) to sell
real power production to the utility through a power pur-
chase agreement (PPA). When planned for and deployed
into the electric power system 1n this relatively unsophisti-
cated way, solar PV resource penetration, or at least utili-
zation, may be limited due to imbalance of generation and
load 1n the gnid at certain times as a result of the intermait-
tence (non-dispatchability) of solar PV resources and the
imperfect alignment of load and the solar resource.

The nature and characteristics of DER, such as solar,
wind, energy storage, and different types of loads, vary
considerably. These wide-ranging characteristics, coupled
with the fact that both the loads and certain renewable
energy resources like solar and wind are highly variable,
compound the challenges of traditional system planning and
economic dispatch. A solution provided in the present dis-
closure includes a greater degree of real-time control and
responsiveness in the grid, particularly all the way down to
the distribution system. Moreover, control provided by the
present disclosure can inherently incorporate prediction of
variation 1n resources and loads, and even pricing, can
provide a game-changing, leap-ahead improvement 1n the
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ability to successiully achieve high levels of deployment and
derive real consumer benefit from increased penetration of
solar and other DER.

This disclosure 1s directed to a solution that provides
real-time dynamic coordination, response, and control nec-
essary to manage high penetration levels of solar PV
resources and DERs, including controllable or price
response load. This may begin at the retail level, to allow
smoother control and momitoring of the energy resources
and loads 1n real time, balancing the consumer and the
utility’s objectives. Using real-time and forecasted informa-
tion of the demand for electricity (load), the generation
resource, and the price can postulate as a real alternative that
could help stabilize the supply and demand of electricity to
consumer premises. The solution present in the disclosure
may 1nclude both a technology and a scalable framework
that addresses the necessary level of coordination and con-
trol from the point of consumption up through the power
system, where from an operational point of view, the gen-
eration, transmission, and distribution may increasingly be
viewed as a whole.

The devices, methods, and systems disclosed herein may
improve coordination and control of the dispatch of solar PV
resources and DER, and the matching of the dispatched solar
PV resources and DER to load at consumer premises, using,
for example forecasts of the price of energy (e.g., real time
pricing (RTP)), availability of solar PV resources, wind, or
DER. A neural network may be used to forecast the energy
consumed based on the current price of energy and usage
data, and the forecasted energy and usage data may then be
used to regulate loads accordingly. It 1s proposed that energy
consumption can be scheduled based on the real time price
and the priority of the appliances. Unlike many renewable
energy resource controllers, the devices, methods, and sys-
tems disclosed herein take into account the intermittent
availability of, solar PV resources or DER, and forecast the
RTP based on weather and other variables. This disclosure
provides a control framework and solution for optimal
allocation of solar PV resources in combination with other
distributed energy resources (DER) including energy storage
and variable load, in coordination with utility system opera-
tion and control.

FIG. 1 depicts a logical interaction between a controller
and electric utility, forecasting server, model reference
server, historical and real-time renewable energy resource
data server, model reference server, local load server, and
clectric utility server, according to one or more example
embodiments of the disclosure. Controller 105 may be a
controller located at a point of common coupling between an
clectric distribution system and a microgrid. In some
embodiments, a microgrid may be a group of interconnected
loads and DERs operating within clearly defined electrical
boundaries, and that act as a single controllable entity with
respect to a utility electric power grid. In some embodi-
ments, a microgrid may connect and disconnect from the
utility’s electric power grid to enable 1t to operate in both
connected or 1sland-mode. In some embodiments, the micro-
orid may comprise Low-Voltage (LV) distribution systems
with DERs (for example microturbines, fuel cells, photo-
voltaics (PV), etc.), storage devices (for example, batteries,
flywheels) energy storage system and flexible loads. Flex-
ible loads may be loads controlled by controller 105. For
example, a tlexible load may be a pool pump or heating and
ventilation and air conditioning (HVAC) unit that can be
controlled by controller 105, For instance, controller 105
may control the duty cycle of the pool pump or HVAC
throughout a day to reduce or shed load during times when
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demand for electricity by loads in the distribution system
exceeds the supply of electricity for the loads. The supply of
clectricity may be provided by the utility distribution system
or the microgrid. Microgrids can operate either connected or
disconnected from the electric power grid.

Controller 105 may optimize the allocation of renewable
energy resources to match the demand of loads 1n a micro-
orid, with respect to cost of energy to consumers. For
example, 1n some embodiments controller 105 may receive
clectric power data from one or more loads indicating the
amount of electricity being consumed (demand) and may
also receive electric power data from one or more renewable
energy resources indicating the amount of electricity being
generated (supply). Controller 105 may allocate the one or
more resources to the loads based on cost associated with
allocating the one or more resources to those loads. For
example, controller 105 may determine that the cost asso-
ciated with allocating a solar PV resource to supply power
to meet the demand of power consumed by a load at a certain
time, 1s more atlordable than allocating a traditional backup
generator, or discharging a battery source. Accordingly,
controller 105 may allocate the solar PV resources to supply
power to meet the demand for power by the load.

Controller 105 may receive a forecast of the electric
power data associated with the one or more loads from
historical and real-time renewable energy resource data
server (e.g., Historical and Real-Time Data Server 109) via
a forecasting server (e.g., local forecasting server 103).
Historical and Real-Time Data Server 109 may receive a
forecast of future power consumption, of the one or more
loads, based on signals receirved at local forecasting server
103, from one or more loads attached to the microgrid.
Historical and Real-Time Data Server 109 may receive a
forecast of future availability of one or more renewable
energy resources, and the amount of power that may be
produced by the one or more renewable energy resources,
based on signals received at local forecasting server 103,
from one or more renewable energy resources such as solar
PV resources. In particular, the signals received from each of
the one or more loads may indicate the amount of power
consumed 1n real-time. Historical and Real-Time Data
Server 109 may store data associated with these signals 1n
storage or memory as historical information about the power
consumed by each of the one or more loads. In some
instances, this data may be used to determine a historical
power consumption profile associated with each of the one
or more loads. Historical and Real-Time Data Server 109
may receive signals from each of the one or more renewable
energy resources about the amount of power that can be
reliably supplied to meet the amount of power consumed by
the one or more loads. Historical and Real-Time Data Server
109 may store data associated with these signals may be
received and stored in storage or memory as historical
information about the power produced by each of the one or
more renewable energy resources over time. In some
instances, this data may be used to determine a historical
power production profile associated with each of the one or
more renewable energy source. For instance, Historical and
Real-Time Data Server 109 may receive and store irradiance
data associated with solar PV resources, a wind turbine, or
battery storage. Local forecasting server 103 may receive
this data, which may include the historical power production
profile, from the historical and real-time data server 109 and
determine a forecast that can be used by the controller 1035
to determine the allocation of renewable energy resources.

Local energy sources 111 may be a collection of the one
or more renewable energy resources. Each of the one or
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more renewable energy resources may comprise power
clectronics. In some embodiments, the renewable energy
resources may include, but are not limited to, solar PV
sources, wind, piezoelectric energy scavenging devices, or
other renewable energy resources, or traditional backup
generation (e.g., electric generator powered by diesel or
petrol). Controller 105 may send control signals to the power
clectronics of the one or more renewable energy resources of
the local energy sources 111 that cause one or more of the
renewable energy resources to supply power to the one or
more loads, such as local loads 113.

Local loads 113 consume power and may generate data
associated with the amount of power being generated by the
one or more loads. In some embodiments, the behavior of
the one or more loads may also be recorded 1n the data. The
behavior, may indicate whether the one or more loads are
consuming power elliciently or iefliciently. For example, 1f
the reactive power or voltage of the one or more loads are
not operating within certain operating limits, this could
result 1n drastic swings 1n the reactive power and voltage in
the microgrid thereby damaging power electronics respon-
sible for delivering real power to the one or more loads. This
information may be included 1n the data. Each of the one or
more loads may comprise power electronics. In some
embodiments, the data may include, but 1s not limited to,
whether each of the one or more loads are on/off loads, or
loads with varniable settings. The data may further include
the criticality of the load. For example, a first load (e.g., a
hospital), of the one or more loads, may be assigned a higher
level of criticality than a second load (e.g., a residential
apartment building), of the one or more loads. The hospital
may be assigned a higher level of criticality because the
hospital needs power to keep patients alive, but power
provided to a residential apartment building may be inter-
mittently disabled to meet the power demand of the hospaital.
Accordingly, controller 105 may supply power to the hos-
pital but may disable power mtermittently to the residential
apartment building, when the demand for power by the one
or more loads exceeds the available supply of power. The
data 1n local loads 113 may also mclude control profiles of
the one or more loads. Control profiles of the load could be
predetermined load profiles or assigned load profiles that
should be followed. For example, a control profile may be a
set of 1nstructions that cause controller 105 to send control
signals to local loads 113, with instructions that cause local
loads 113 to operate within certain limits. For instance, a
heating ventilation and air conditioning (HVAC) may be
programmed to operate within certain voltage, real power,
and reactive power limits, and these limits may correspond
to a load profile.

Model reference server 107 may be a server storing data
modeling the DERs and the distribution of power from the
DERSs to the one or more loads. Model reference server 107
may also store data modeling of the utility distribution
system and the distribution of power from the utility distri-
bution system to the one or more loads. The connection
between the DERs and the one or more loads may for a
microgrid, and the power may be distributed between the
DERs and the one or more loads constituting a microgrd
distribution system. Controller 105 may use the data mod-
cling the DERs and the distribution of power from the DERSs
to the one or more loads to optimize the allocation of
renewable energy resources to match the demand of loads in
the microgrid. This may be referred to as a local optimiza-
tion. Controller 105 may use the data modeling of the utility
distribution system and the distribution of power from the
utility distribution system to the one or more loads in the
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microgrid to enable coordinated control of the utility distri-
bution system and the microgrid. This may be referred to as
grid-coordinated control. For example, controller 105 may
coordinate the distribution of power from the utility distri-
bution system to the one or more loads, with the distribution
of power from the DERs to the one or more loads. For
instance, controller 105 may allocate a utility distribution
system owned resource (e.g., solar, wind, coal fired, hydro-
clectric, nuclear, or natural gas) to meet the demand of one
or more loads associated with a first microgrid when the first
microgrid 1s attached to the utility distribution system. While
controller 105 1s allocating utility distribution system owned
resources to the first microgrid, controller 105 may allocate
one or more DERs to meet the demand of one or more loads
in a second microgrid when the second microgrid 1s not
attached to the utility distribution system. Controller 105
may make these allocations based on the data in model
reference server 107.

Model reference server 107 may receive price signals
associated with the price of power provided by the utility
distribution system via electric utility server 101. The price
signals may be prices associated with real power and/or
ancillary services including but not limited to demand
response (DR) and/or demand side management (DSM)
signals.

The DR si1gnal may be used by model reference server 107
to determine how a microgrid may respond after the one or
more loads receive the DR signal. The DR signal may be
designed to cause the one or more loads to make short-term
reductions 1n power consumption in response to a price
signal from the electricity hourly market, or a trigger initi-
ated by electric utility server 101. For example, the one or
more loads may reduce power consumption 1n response to a
price signal exceeding a certain price. Model reference
server 107 may model the stability and availability of DERs
in the microgrid and the stability and availability of
resources 1n response to the price signal exceeding a certain
price. In some embodiments, power consumption may be
reduce or curtailed to within 1 to 4 hours, and may include
turning ofl or dimming banks of lighting, adjusting HVAC
levels, or shutting down a portion of a manufacturing
process. Alternatively, DERs 1n the microgrid may be used
to displace load drawn from the utility, distribution system.

Local forecasting server 103 may generate forecasts for
the power demand of the one or more loads and the power
supply of DERSs or solar PV resources. The forecasts may be
based on historical and/or real-time data of the demand of
the one or more loads and the supply of power by the DERSs
or solar PV resources 1n historical and real-time data server
109. Local forecasting server 103 may send forecasts to
clectric utility server 101. Local forecasting server 103 may
use a one or more of the neural networks described herein to
torecast the demand of the one or more loads and the supply
of the one or more DERSs or solar PV resources.

Electric utility server 101 may send price signals includ-
ing real power price signals, ancillary services signals
including, but not limited to DR signals and DSM signals,
control signals including, but not limited to emergency/
override signals. Electric utility server 101 may receive DER
status signals from controller 105 and/or model reference
server 107. Electric utility server 101 may receive forecast-
ing signals from local forecasting server 103.

FI1G. 2 depicts the control and power plane 200 of a utility
distribution system and microgrid, according to one or more
example embodiments of the disclosure.

Control and power plane 200 logically illustrates how
control signals are transferred between a utility distribution
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system and a microgrid, and how power 1s transierred
between a distribution network, associated with the utility
distribution system, and a microgrid bus bar associated with
the microgrid. Control signals are sent between a utility
distribution system and microgrid to ensure that real power
and reactive power secamlessly tlow between the distribution
network and bus bars within a microgrid. More specifically,
the controls signals may control one or more power elec-
tronics connecting the distribution network to the one or
more bus bars i the microgrid, which in turn control the
flow of real and reactive power across the connection
between the distribution network and the one or more bus
bars. Distributed energy resource control 232 comprise one
or more of the components of controller 105. The microgrd
213 components of distributed energy resource control 232
cause controller 105 to optimize the allocation of distributed
energy resources and coordinate control of the utility dis-
tribution system with the control of the microgrid.

Control system 201 logically illustrates how one or more
components ol distribution system 212, are communica-
tively coupled to one or more components in microgrid 213.
Distributed energy resource control 232 comprises distribu-
tion system 212 and microgrid 213. Signals may be sent
between distribution system 212 and utility DMS/ADMS
203. Utllity DMS/ADMS 203 may be a distribution man-
agement system (DMS) comprising one or more power
clectronics or advanced distribution management system
(ADMS) comprising one or more power electronics.

DOCS 211 1s a distribution optimal control system
(DOCS), and 1s part of the distribution system 212. The
DOCS 1s the top-level control designed to perform utility
system level monitoring, control, and optimization by send-
ing appropriate signals to SEEMS controllers, described
above as a Level 2 control. The DOCS functlon within the
overall framework 1s illustrated i FIG. 2. DOCS 211 may
be responsible for sending and receiving control signals
between utility DMS/ADMS 203 and SEEMS 220. In par-
ticular, DOCS 211 may be responsible for the coordination
of the control of the utility distribution system 212 with the
control of the microgrid, for example, 1n controller 105 of
FIG. 1, More specifically, DOCS 211 may send control
signals to SEEMS 220 to enable control of voltage and
reactive power that may be introduced to bus bars associated
with the microgrid at a point of common coupling (PCC).
For example, DOCS 211 may transmit one or more coordi-
nated voltage control signals, generated by coordinated
voltage control (CVC) 208, to SEEMS 220, 1 order for
SEEMS 220 to control voltage that may be recewed from the
utility distribution network at the bus bars 1n the microgrid.

The DOCS 211 can be used at the substation level
involving multiple feeders or one individual feeder. DOCS
211 may provide reference voltage points/ban(f s to an 1ndi-
vidual microgrid (e.g., microgrid 213) via SEEMS (e.g.,
SEEMS 220). Coordinated Voltage Control (CVC) 208 may
provide the reference voltage points/bands as explained
below 1n connection with FIG. 8. DOCS 211 may transmit
an electricity market-based signal for voltage control as a
real time price (UP) on reactive power, Q, to SEEMS 220.
DOCS 211 may balance power using any resource within 1ts
control reach (wholesale electricity market, local solar PV
plant, energy storage, and/or responsive load) based on the
outcome of an optimal dispatch control running on it 1n
real-time. For example, optimal source dispatch control
(OSDC) 207 may receive as an 1put, wholesale electricity
generation prices associated with coal-fired generation,
nuclear power generation, natural gas generation; and/or
other traditional non-renewable electric power generation
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resources, and may send one or more signals to distribution
network 222 via DOCS SCADA interface 210 to use a solar
PV plant or energy storage in place of the traditional
non-renewable electric power generation resources 1 the
cost of the solar PV plant or energy storage 1s cheaper. The
wholesale electricity market may be cost of electricity sold
by companies that produce power using traditional non-
renewable electric generation resources. The DOCS 211
functions may further include coordinated voltage control
(CV(C) (e.g., Coordinated Voltage Control (CVC) 208)
which maintains an approprate voltage profile throughout
the distribution system, for example, within the American
National Standards Institute (ANSI) standard. In some
embodiments, the voltage profile may be based on another
standard (e.g., any of the many other standards 1n the World
for voltage control). Higher penetration of solar PV may
lead to voltage fluctuation and increased operation of tradi-
tional regulation devices. The purpose of the CVC 208 to
properly coordinate the voltage along the feeder length, and
thus manage reactive power generation by the solar PV,
energy storage and other voltage-ampere reactance (VAR)
compensation resources. The functions of DOCS 211 may
also include operating during abnormal conditions, such as
when electrical faults and a loss of communication takes
place 1n the system. This functionality of the DOCS will
ensure system integrity and reliability are maintained during
these situations. In cases where abnormal situations occur,
the DOCS 211 will fall back to emergency operation mode.
In this mode, standard optimal solutions will be used that
may be sub-optimal as real-time monitoring and feedback
from the system may not be available for computing the
optimal solution. It may also include forecasting of energy
prices. For example, an electricity utility server, such as the
clectrical utility server 101 1 FIG. 1, may receive forecasts
of these energy prices, electricity generators, or third parties.
The DOCS 211 can also be equipped with the functionality
of forecasting energy prices for the utility. For this purpose,
multiple factors such as forecasted wholesale energy market
data, demand {forecasting, factors related to available
resources and their utilization, weather forecasting, energy
storage and distributed generation (DG) forecasting infor-
mation may be used.

Another function of the DOCS may be a communication
hub for SEEMS 220. In the case of a centralized control
architecture, the DOCS may need to act as a communication
link between SEEMS 220 and the utility or utility DMS/
ADMS 203. It will be capable of passing real-time price
(RTP) and any emergency override control signals to
SEEMS controllers (e.g. SEEM-To-Device Controller inter-
tace 219). It will also communicate the system status to the
utility DMS/ADMS 203.

DOCS-to-DMS Comms 204 may comprise one or more
wired or wireless radios that send control signals from
DOCS 211 to utility DMS/ADMS 203. These control signals
may comprise forecasted wholesale energy market data,
demand {forecasting data, factors related to available
resources and their utilization, weather forecasting data,
energy storage, and distributed generation forecasting data.
These control signals may be received at DOCS 211 from
utility DMS/ADMS 203. Microgrid service interface 205
may include a processor executing one or more computer-
executable instructions that provide a software or middle-
ware 1nterface between DOCS 211 and SEEMS 220, In
some embodiments, the service interface may be a hardware
interface that enables signals to be transmitted to a corre-
sponding service mterface i SEEMS 220. Telemetry and
control 206 records one or more utility distribution system
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(e.g., distribution system 212) values including, but not
limited to, real power, reactive power, and phase angles.
Telemetry and control 206 may transmit these values to
SEEMS 220 or utility DMS/ADMS 203. Optlcal Source
Dispatch Control (OSDC) 207 may comprise a processor
executing one or more computer-executable instructions,
and/or power electronics that are used to allocate one or
more utility distribution system resources (e.g., Battery
Control (Bat Cntrl 223) and/or PV Control (PV Cntrl 224)).
DOCS supervisory control and data acquisition (SCADA)
interface 210 may comprise a processor executing one or
more computer-executable instructions and/or power elec-
tronics that are used to control the power electronics that
connect, or cause, one or more utility distribution system
resources (e.g., a battery connected to Bat Cntrl 223 and/or
a solar PV resource connected to PV Catrl 224) to connect
to distribution network 222. DOCS-to-SEEMS Comms 209
may cComprise a processor executing one or more computer-
executable instructions and/or wired or wireless radios that
are used to send control mgnals from DOCS 211 to the
SEEMS-to-DOCS Comms 214 in SEEMS 220.

SEEMS 220 1s the control system designed to momnitor,
optimize and control the energy sources available at the
enterprise or local microgrid level (commercial/industrial,
campus, local microgrid, large buildings etc.). It may also be
referred to as Level 1 control. SEEMS 220 may be a
controller that optimizes real and reactive power allocation
of groups of DER (including responsive load) at the point of
or1d interconnection (the PCC). Often, such a group of DER
would comprise a microgrid. As the amount of DER gen-
cration, storage, and load at a given location increases, so
does its value as a resource on the grid.

The components of SEEMS 220 include advanced opti-
mal resource allocation (AORA), and a device controller
interface (e.g., SEEMS-to-Device Controller Interface 219)
between SEEMS 220 and the bus that Bat Cntrl 229, PV
Cntrl 230, and Load Catrl 231 are connected to. SEEMS-to
Device Controller mterface 219 may include a colt/volt-
ampere reactive (VAR) control component, and load man-
agement control component. The volt/(VAR) control com-
ponent may control the voltage and volt-amperes introduced
to the bus bar, from the DERs attached to the bus bar, or
from the distribution network 222. SEEMS 220, which may
be implemented 1n software, hardware, firmware electronics,
or any combination thereof, can correctly allocate energy
resources, including local generation and responsive load,
based on the current real-time price of energy, forecasted
demand and generation data, user preferences, and the
current state of all the resources connected to the system.
Based on all the information gathered, for a forecasted
horizon, SEEMS 220 can optimize the mix of resources to
greatly reduce the cost of energy. For example, forecasted
wholesale energy market data, demand forecasting data,
factors related to available resources and their utilization,
weather forecasting data, energy storage, and distributed
generation (DG) forecasting data may be received from

utility DMS/ADMS 203 via DOCS-to-SEEMS Comms 209
and SEEMS-to-DOCS Comms 214 for use by AORA 218.
AORA. 218 may optimize resources at the point of connec-
tion to the grid, to an optimal allocation for the DER owner,
but also 1n support of the grid a consequence of price and
other signals recerved from DOCS 211.

The VAR control 1s a functional component of SEEMS
220 that may control the voltage at the PCC of the DER
installed 1n a facility. The VAR control may control the
voltage by injecting or absorbing reactive power at the PCC
or the VAR control may either work together with DOCS
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211 1n order to execute the coordinated voltage control
scheme or it may independently control the voltage at the
PCC with 1ts own voltage control capability. AORA 218 may
include at least one or both of the following two approaches
to maintain voltage within limits. A first approach may be to
receive voltage high and low limit trajectories to use as
constraints, and the second may be to receive a reactive
power price signal to include in the cost minimization
solution.

The load management control of SEEMS 220, may pro-
vide a flexible optimal control framework that includes
price-responsive load as one of the resources to be optimally
dispatched, and uses from a practical implementation point
of view, a configurable means of prioritizing and controlling
different types of loads. To this end, a Load Management
Control Module (LMCM) comprising one or more power
clectronics responsive to a signal, may receive control
commands from SEEMS-to-Device-Controller Interface
219 to allocate DERs or PV sources. The LMCM may be
modular and scalable. It may prioritize loads by criticality,
such as Emergency, Vital, and Non-vital. Loads may be
classified as Non-controllable, Controllable-on/off, and
Controllable-modulating. The LMCM may be a component
of SEEMS-to-Device-Controller Interface 219, but may also
be part of or distributed among other components of SEEMS
220.

SEEMS 220 may comprise SEEMS-to-DOCS Comms
214, micrognd service implementation 215, model and state
estimation 216, forecasting 217, and AURA 218, SEEMS-
to-DOCS Comms 214 may comprise, a processor executing,
one or more computer-executable 1nstructions, and wired or
wireless radios that are used to send signals from SEEMS
220 to DOCS-to-SEEMS Comms 209 1n DOCS 211. For
example, the signals may include data about the DERs (e.g.,
battery controlled by Bat Cntrl 229, solar PV resource
controlled by PV Catrl 230, or a load controlled by Load
Cntrl 231) and their availability to be allocated to provider
power to one or more loads attached to the microgrnd. The
signals may also include data about the amount of power
demanded by the one more loads (e.g., P, 228). Microgrid
service 1mplementation 215 may, comprise one or more
computer-executable mnstructions that send requests for price
profile information, to a server monitoring the price profile
information, and may provide the price profile information
to AURA 218, which may then 1n turn use the price profile
information to allocate one or more DERs (e.g., Battery
control (Bat Cntrl 229)), PV solar resources (e.g., PV control
(PV Catrl 230)), or perform load control (e.g., Load control
(Load Cntrl 231)). The process of allocating the one or more
DERs 1s illustrated 1n FIG. 4, and described in the corre-
sponding paragraphs describing FIG. 4. Microrgrid service
implementation 215 may be executed, for example, on
clectric utility server 101 of FIG. 1. The server from which
the microgrid service implementation 215 may receive a
response from may be a third party server storing wholesale
clectricity market data 1n real time. This server may be a
server hosted by a company that generates electricity such as
coal fired generation, natural gas generation, petrol genera-
tion, generation, etc.

Forecasting 217 may forecast demand for power by one or
more loads and/or the supply of power available 1n one or
more DERs, PV solar resources, or power that may be freed
up via load control. Model and state estimation 216 may
COmMprise, a processor executing one or more computer-
executable 1nstructions, to send requests to SEEMS-to-
Device-Controller Interface 219 for data bout the power
signals associated with one or more loads, and one or more
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DERs, PV solar resources, or power that may be freed up via
load control, 1n order to model the behavior of microgrid 213
and estimate the state of microgrid 213 over a period of time.
AORA 218 may comprise one or more computer-executable
istructions executed on a processor that may cause
SEEMS-to-Device-Controller Interface 219 to send control
instructions to the one or more DERs, such as a battery
controlled by Bat Cntrl 229, or PV solar resources, con-
trolled by PV Cntrl 230, to provide power to the one or more
loads. In some embodiments, the one or more computer-
executable mstructions may cause SEEMS-to-Device-Con-
troller Interface 219 to control the load of one or more, of the
one or more loads. SEEMS-to-Device-Controller Interface
219 may comprise one or more power electronics, such that
when the SEEMS-to-Device Controller Interface 219
receives a control signal from a component in SEEMS 220
(e.g., AORA 218) 1t may connect one or more DERSs to a bus
bar that the one or more loads are connected to based on the
cost of the one or more DERs. For example, 11 the cost of
solar PV resources decreases 1n cost, relative to the cost of
using battery storage, to provide power to the one or more
loads, SEEMS-to-Device-Controller Interface 219 may con-
nect the corresponding solar PV resources to the bus bars
and may disconnect the battery storage form the bus bars.

Distribution network 222 may be connected to the corre-
sponding distribution network of microgrid 213, via point of
common coupling (PCC). Power may be transierred bidi-
rectional at the PPC (e.g., P, 223), between distribution
network 222 and the corresponding distribution network of
microgrid 213. Power system 202 illustrates the relationship
between the connection of distribution network 222 and the
microgrid PCC 295. At PPC 295 the power delivered 1n the
oppostite direction to that of P, 225 may be P,,__. 226, P,
227, P, 228. P . 226 may be battery power transierred, from
a battery, to a bus bar connected to the PCC. P, ;- 227 may
be the power transierred, from a solar PV resource, to the
bus bar connected to the PCC. P, 228 maybe the power
drawn from the distribution network 22 through.

FIG. 3 depicts a load management control module
(LMCM) 300, according to one or more example embodi-
ments of the disclosure. Load management control module
(LMCM) 300 may comprise one or more computer-execut-
able 1nstructions (e.g., load management control instructions
311) that may be executed by one or more processors in
SEEMS 220 that will in turn cause SEEMS-to-Device-
Controller Interface 219 to adjust real power (P) and/or
reactive power (QQ) at one or more loads connected to
microgrid 213. In some embodiments, LMCM 300 may
adjust, or reduce, the real power or reactive power by turning
on or turning ofl non-critical and/or varnable loads. An
example of a non-critical and variable load may be a pool
pump used to control the circulation of water through a pool.
For instance, LMCM 300 may disable a pool pump in order
to reduce the amount of real power drawn from the utility
distribution system or microgrid. The pool pump may be a
load connected to the microgrid and may be controlled by
Load Cntr]l 231.

This process may also be referred to as reducing the load
on the utility distribution system or microgrid. A pool pump
may be considered to be a non-critical load. LMCM 300
may reduce the amount of reactive power itroduced into the
utility distribution system or microgrid as a result of a motor
in the pool pump being connected to the utility distribution
system or microgrid. LMCM 300 may do this by turning
disabling the pool pump to prevent excessive amounts of
reactive power being generated in the utility distribution
system or microgrid. LMCM 300 may also modulate a duty
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cycle associated with the pool pump to lengthen the period
of time that the motor 1s oil and shorten the period of time
that the motor 1s on when the utility distribution system or
microgrid 1s beginning to experience excessively high levels
of reactive power. Alternatively, LMCM 300 may modulate
the duty cycle to shorten the period of time that the motor 1s
ofl and lengthen the time the motor 1s on when the utility
distribution system or microgrid are not under threat of
experiencing excessively high levels or reactive power.
LMCM 300 may receive a request to reduce reactive power
(€., Qreguess 301) wherein the request may comprise com-
puter-executable instructions causing one or more power
clectronic devices to reduce the amount of reactive power
introduced into the utility distribution system or microgrid,
by turning off loads introducing reactive power into the
utility distribution system or microgrid. LMCM 300 may
receive the request from one or more of the components in
DOCS 211. LMCM 300 may also recerve computer-execut-
able 1nstruction from the one or more components 1n DOC
S 211, to modulate controllable loads (e.g., 1% .., (1) 302).

LMCM 300 may reduce the real and reactive power in
accordance with load management control instructions 311
by applying a load scheduling algorithm (e.g., load sched-
uling algorithm 312). Load scheduling algorithm 312 may
receive real power signals and reactive power signals from
telemetry devices communicatively coupled to one or more
loads. For example there may be N loads and LMCM 300
may receive real power signals (e.g., P, ., 303, :
P, . »~ 305) and reactive power signals (e.g., QLM 1
304, , Q;.. .~ 306) from telemetry devices communi-
catlvely Coupled to the one or more loads. LMCM 300 may
also receive internal temperature signals (e.g., T, .. .. 307),
external temperature signals (e.g., T ..., 308), carbon diox-
ide (CO,) signals (e.g., CO, 309), motion signals (e.g.,
motion 310) from sensors associated with a structure com-
prising the one or more loads. Based on the real and reactive
power signals and signals received from the one or more
sensors load scheduling algorithm 312 may schedule one
certain loads of the one or more loads will be enabled or
disabled over a period of time.

FIG. 4 depicts a resource allocation scheme (e.g.,
advanced optimal resource allocation (AORA) 409), accord-
ing to one or more example embodiments of the disclosure.
AORA 409 may be implemented on one or more processors,
which may be the one or more processors 1mplement1ng
other components in SEEMS 220. In particular, AORA 409
may be realized as computer-executable instructions
executed by the one or more processors. AORA 409 may be
the same as AORA 218 in SEEMS 220 in FIG. 2. AORA 409
may consider various power sources (€.g., solar, battery and
orid) to meet the demand for power at the one or more loads
while minimizing the total cost of energy. In order to select
the combination of these power sources, in an optimal way
(select the power sources costing the least amount of power),
a forecasted load profile, the forecasted PV power profile,
and a real-time grid pricing (RTP) signal are used. AORA
409 may imput the amount of power forecasted to be
consumed by a load (forecasted load profile), the forecast of
the amount of power generated by solar PV resources
(forecasted PV power profile), and the RIP signal for power
generated by the utility distribution system. These inputs
may be received from the utility DMS/ADMS 203 wia
DOCS 211. AORA 409 may allocate the DERs or solar PV
resources that should be assigned to supply the power to
cover the demand for power at the load, based on the cost
RTP, forecasted load profile, and forecasted PV power
profile. AORA 409 may forecasts the PV profile and the load
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profile using, for example, a feedforward neural network, as
explained below. The optimal selection may be based on an
SBMPC. AORA 409 enables PV power to be sold, or
transfer power, to the utility and the energy storage, or
batteries, to perform both charge and discharge operations.
AORA 409 may enable the microgrid to sell power back, or
transier power back, to the utility by sending a signal to
SEEMS-to-Device-Controller Interface 219, which may
cause DERs such as batteries and solar PV resources to
transier power to the utility distribution system via the PCC.
For instance, the signal sent from AORA 409 to SEEMS-
to-Device-Controller Interface 219, may cause SEEMS-to-
Device-Controller Interface 219 to send one or more control
signals to Bat Cntrl 229 to transter power (e.g., P, . 226) or
send one or more control signals to PV Cntrl 230 to transfer
power (e.g., P, 227) to distribution network 222 via the
PCC. The power associated with the solar PV provided by
the microgrid, may be denoted by (P,;-) and 1s denoted as
P,;- 227 i FIG. 2. The power provided by the utility
distribution system to a microgrid, when the micrognd 1s
attached to the utility distribution system, may be denoted by
P., and 1s denoted as P,-.~ 225 i FIG. 2. The power
associated with energy storage, may be denoted by P, and
1s denoted by P _. 226 1n FIG. 2. Each of these values may
be sampled as the input to the SBMPC. A predicted load may
be denoted by P; .. Pro.p 15 denoted as P, 228.

AORA 409 may comprise optimal source dispatch 408.
Optimal source dispatch 408 may allocate the power sources
based on a predicted RTP (e.g., Pred. RTP 401), predicted
weather (e.g., Pred. Weather 402), predicted load (e.g., Pred.
Load 403), RTP data (e.g., RTP Data 404), power provided
by the utility distribution system to the microgrid (e.g.,
utility 403), solar PV power (e.g., PV plant 406), and energy
storage (e.g., battery storage 407). Optimal source dispatch
408 may allocate the power sources (solar PV resources,
battery storage, or power from the utility distribution net-
work) by sending a signal to SEEMS-to-Device-Controller
Interface 219, instructing SEEMS-to-Device-Controller
Interface 219 to send signals to Bat Cntrl 229, PV Catrl 230,
or the PCC to transier power to the bus bar that the load 1s
connected to based on, for example, the cost of the power
sources. For instance, if solar PV resources are the cheapest
of the power sources, AORA 409 will send a signal to
SEEMS-to-Device-Controller Interface 219 with instruc-
tions that may cause SEEMS-to-Device-Controller Interface
219 to send one or more signals to PV Cntrl 230 to supply
power to the bus bar to meet the power demands of the load.
If the supply of power provided by solar PV resources
connected to PV Cntrl 230 does not meet the demand of the
load, SEEMS-to-Device-Controller Interface 219, may send
one or more signals to a controller associated with the next
cheapest power source (e.g., battery storage). In the instance
that battery storage 1s the next cheapest option, SEEMS-to-
Device-Controller Interface 219 may send a control signal to
Bat Cntrl 229 to supply power to the bus bar to meet the
remaining power demands of the load. If the supply of
power provided by battery storage does not meet the remain-
ing demand of the load, SEEMS-to-Device-Controller Inter-
face 219, may send one or more signal to a controller at the
PCC associated with power delivered to the microgrid from
distribution network 222. The power needed to meet the
remaining demand for power at the load may be provided by
distribution network 222. The power provided by distribu-
tion network 22 may be denoted by P, 225.

RTP data 404 may be a real time price signal associated
with the cost of power provided by the utility distribution
system to the microgrd (e.g., utility 405). Pred. Weather 402
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may be a forecast of the weather over a certain time horizon
(e.g., 24 hours, 48 hours, 72, hours, . . . , one week or a
month). Pred. Load 403 may be the predicted demand for
power at one or more loads. PV plant 406 may be the amount
of power generated by one or more solar PV resources. Pred.
RTP 401, RTP Data 404, and utility power 405 (e.g., power
provided by distribution network 222 denoted by P, 225)
may be provided the utility. For example, Pred. RIP 401 and
RIP Data 404 may be provided to AORA 218 from Utility
DMS/ADMS 203 via DOCS 211.

The power required to be provided by the utility distri-
bution system (P, which may also be denoted by P5;5) to
the microgrid, may be equal to the predicted load (P; 5,)
less the solar PV power (P, ) and power stored in energy
storage (P.c). The power required by the grid may be
expressed as equation (1):

Porint)=Poaplti)—P p At )—Pgs(ty)

P.. may be the actual value computed based on the state
of charge (SOC.¢) of the energy storage. P.J(t,) 1s the
energy storage power charging and discharging operation. A
negative value indicates that the energy storage 1s charging,
and a positive value i1ndicates that the energy storage 1is
discharging. The state of charge may be expressed as SOC ..
(t,,)=SOC.(t, ) MP(t,). The cost function may be
expressed as equation (2):

in
J = Z (rg ) * Poty) + rpy * Ppy () + rgs x Pps(fy)) * At
‘=10

The time step At=t —t,_, for all k, and r (t )=wr(t,) 1f
Ps(t)<0, and ra(tp)=r (t) 1if Po(t)20. J(t,,,) 1s the cost
incurred from time t, to t,_ . r-(t,) may be the cost of power
provided by the ufility distribution system (e.g., Py~ 225),
r,, may be the cost of power provided by a solar PV resource
(e.g., Ppy, 227), and r. may be the cost of power provided
by battery storage or energy storage (e.g., Pp . 226), The
welght, w, can be any value between zero and one. This
range of values incorporates differential pricing that distin-
suished between the sell-to-grid from the buy-from-grid
rates. As a result, SEEMS 220 will prioritize charging the
energy resource via Bat Cntrl 229, for example, as opposed
to immediately selling stored energy at a RTP. J 1s the power
that 1s distributed to the load (e.g., power to load 411). Power
to load 411 may be a control signal sent to SEEMS-to-
Device-Controller Interface 219 that may cause SEEMS-to-
Device-Controller Interface 219 to provide power to the load
based on the optimization of the cost function. For example,
if SBMPC optimizes ] at a time t, and the cheapest costing
power source 1s a solar PV resource, then AORA 218 may
send a signal to SEEMS-to-Device-Controller interface 219
that will cause SEEMS-to-Device-Controller interface 219
to send a signal to PV Cntrl 230 to transfer power P, 227
to the load. Power to load 411 corresponds to the power
generated by the solar PV resource connected to PV Cntrl

230.

The SBMPC may be implemented by AORA 409, and
may 1nclude a heuristic expression that provides an esti-
mated minimum cost-to-goal from the current cost of power
to the goal cost of power. In AORA 409, a heuristic 1s
established that assumes that the predicted load at any time
step can be fulfilled entirely by the cheapest power source
for that time interval. The heuristic expression represents a
summation of the lowest cost terms associated with each
power source. For example, 1n a first time 1nterval, t, to t; the
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cheapest power source may be a solar PV resource compared
to power provided by the utility distribution system or
energy storage. In a second time 1nterval, t, to t, the cheapest
power source may be power provided by the utility distri-
bution system compared to solar PV resource or energy
storage. In a third time interval, t, to t; the cheapest power
source may be power provided by the utility distribution
system compared to solar PV resource or energy storage.
This process may continue for N different intervals and may
be generalized according to the following expression
H=+C_ ,+C,,+ . . . +C, 5, where s indicates the source of
power. C, ., where ke l, ..., N may be equal to Cg; =t
(t )P -(t )AL 1f the price for power from ufility distribution
system 1s the cheapest. C_, may be equal to Cp, =1, (t,)
P, (t At 1f the price for power from a solar PV resource 1s
the cheapest. C_, may be equal to C. =1y (t )P p ()AL 1f
the price for power from energy storage 1s the cheapest.

AORA 409 may use a feedforward neural network
designed to forecast both the future available PV power and
the future load demand for the required prediction horizon of
the system. In this case, the feedforward neural network
forecasts the needed values for the next 24 hours. The
number of hidden layers and hidden neurons of each net-
work are determined empirically based on the performance
of the neural network models. The training function used for
training the neural networks may be the Levenberg-Mar-
quardt backpropagation algorithm, 1n which the weights and
bias values of the network are updated using lLevenberg-
Marquardt backpropagation. The neural network model for
forecasting the PV power consists of 8 mput parameters, 2
hidden layers with 6 neurons 1n each layer, and 1 output
neuron that represents the forecasted PV power at the
specific time. The mput parameters are: the hour of the day
(0-23), the minutes of the hour (0, 15, 30, 45), the month
number (1-12), day number (1-31), forecasted temperature,
season: winter, spring, summer, fall (1-4), PV power value
24 hours before, and the PV power value 168 hours before
1.e., 1 week before. The neural network model for forecast-
ing the load demand consists of 9 input parameters, 2 hidden
layers with 5 neurons 1n each layer, and 1 output neuron
representing the forecasted load power demand at the spe-
cific time. The 1nput parameters are: the hour of the day
(0-23), the minutes of the hour (0, 15, 30, 45), the month
number (1-12), day of the week (1-7), 1s weekend (0-1),
forecasted temperature, season: winter, spring, summer, fall
(1-4), load value 24 hours before, and the load value 168
hours before (1 week before). It 1s important to note that
many other forecasting models, such as recurrent neural
networks (RNN), support vector regressors (SVR), etc. can
be used and integrated with the proposed SBMPC model.
This implementation 1s not restricted to any particular fore-
casting model implementation. The output neuron 1s fore-
casted PV power at a specific time.

FIG. 5 depicts a control scheme for resource allocation,
according to one or more example embodiments of the
disclosure. SBMPO may be implemented as a sub-module
of AORA 409, and 1s the basis of the optimization routine
implemented by SBMPC. SBMPO 502 may receive as an
input, via mput sampling 506, a sample of the power
available 1n one or more DERSs (e.g., solar PV resources or
energy storage), and may determine a cost of the cheapest
DER to allocate to a load.

SBMPO may comprise an input sampling module (e.g.,
input sampling 506) that samples the power available 1n one
or more DERs. Input sampling 506 may be s subcomponent
of search procedure 509. Input sampling 506 may transmit
a control signal to models 503 comprising the samples of the
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power available 1n the one or more DERS. Model 503, may
generate a cost associated with providing power to the load
from the one or more DERs and send a signal to search
procedure 309 indicating what the cost will be to provide
power to the load from the one or more DERSs at a next time
increment (next state). Search procedure 509, may then
determine a graph 508 of the cost to provide power to the
load from the one or more DERSs at a current time increment
(current state). Search procedure 509 may send a signal to
cost evaluation 504 with the cost associated with current
state and the cost associated with the next state. Cost
evaluation 504 may determine edge cost, in accordance with
FIG. 7. The edge cost 1s a difference 1n cost between the cost
associated with the next state and the cost associated with
the current state. Heuristic 205 may at the same time,
provide a heuristic, as explained below, that provides a lower
bound on the edge cost.

Model 503 1s used to generate a graph 508 via input
sampling, while cost evaluation 504 (the cost to move from
one cost to another) and heuristic 505 (an estimate of the
cost to move from the current cost to the goal cost) are based
upon the cost function to be optimized. Model 503 may be
a power system power propagation model produced by
power system power propagation module 700 in FIG. 7. The

heuristic 1s key to algorithm speedup. Sampling-Based
Model Predictive Optimization (SBMPO) (e.g., SBMPO

502) samples power signals recerved from energy storage
and generates a graph tree comprising nodes and branches 1n
order to determine the optimal resource based on cost at a
given time. SEEMS-to-Device-Controller Interface 219 may
send a control signal to Bat Cntrl 229, to send data corre-
sponding the amount of energy stored 1n a battery, or energy
storage, connected to Bat Cntrl 229. Bat Cntrl 229 may
sample the amount of energy stored 1n the battery, or energy
storage, and may send a signal to SEEMS-to-Device-Con-
troller iterface 219 with the sampled amount of energy.
SEEMS-to-Device-Controller Interface 219 may receive a
signal from Bat Cntrl 229 with data corresponding to the

amount of energy stored in the batter, or energy storage, and
may send the data to SBMPO 502 which may be a sub-

component of AORA 409. SBMPO 502 may perform the
steps 1n FIG. 10. In general, SBMPO 502 may send control
signals (Control) to models 503 and models 503 may send
a next state signals (Next_State) to SBMPO 502. SBMPO
502 may send next state (Next_State) or current state

(Current_State) signals to cost evaluation 504, and cost
cvaluation 504 may send a cost signal to SBMPO 502.

Heuristic 505 may transmit a heuristic signal (Heuristic) to
SBMPO 502. The heuristic signal may be based on the

heuristic expression above.
FIG. 6 depicts a forecasting module, according to one or

more example embodiments of the disclosure. Forecast
module 600 may be implemented by Forecasting 217. Fore-
casting module 600 may comprise several sub-modules.
Clock 601 may transmit a time (month, day, hour) to a solar
PV forecasting neural network (e.g., PV Forecasting Neural
Network 604), load forecasting neural network 605, and/or
utility peak day pricing time of use (TOU) profiles 606.
Load/PV historical database 602 may comprise historical
power consumption data associated with one or more loads
or historical power supply data associated with one or more
solar PV sources. Load/PV Historical database 602 may
transmit load power signals corresponding to the power
consumed by the one or more load, or power supplied
signals by the one or more solar PV sources, for the week or
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day prior to the time at which the load power signals and/or

power supplied signals are sent to Load Forecasting Neural
Network 605. Load/PV Historical database 602 may also

transmit these signals to PV Forecasting Neural Network
604. Temp forecast (External) 603 may forecast an external

temperature 24 hours 1n advance. Temp forecast (External)
603 may transmit the temperature forecast to PV forecasting
neural network 604 and load forecasting neural network
605. PV forecasting neural network 604, load forecasting
neural network 605, and utility peak day pricing TOU
profiles 606 may transmit PV forecast signals, load forecast

signals, and price profile signals for a period of 24 hours 1n
the future AORA (e.g., AORA 409). TOU profiles 606 may
be the TOU rates for a period of time (e.g., 12 hours or 24

hours).
FIG. 7 depicts a power system power propagation module
700, according to one or more example embodiments of the

disclosure. Power system propagation module 700 may be
included in models 503. Propagation module with variable
load 705 may be used to generate a propagation model used
in models 503. Propagation module with variable load 705
may receive a signal (e.g., P,,~,(t,)) comprising prediction
(e.g., uncontrolled (U.C.) load prediction 701), or estimate,
of the amount of power that may be consumed by an
uncontrollable load (e.g., a refrigerator). Propagation mod-
ule with varniable load 705 may receive a signal (e.g., Po,{t,)
comprising a prediction, or estimate, of the amount of power
generated by solar PV (e.g., PV prediction 702). Propagation

module with variable load 705 may receive a signal (e.g.,
I »(t)) comprising a prediction, or estimate, of the cost of
power generated by the utility distribution system (e.g., Grid
rate prediction 703). Propagation module with variable load
705 may receive a signal (e.g., U(t,) 707) associated with a

comiort level corresponding to a setting 1n an HVAC. U(t,)
707 may be a signal with discrete values between zero and
one. Propagation module with variable load 705 may receive
a signal (e.g., P.J(t,) 708) comprising information about the
amount ol power that can be supplied by energy storage.

HVAC model 704 may be one or more computer-executable
instructions that model the behaviors of the HVAC during a
period of time. P, ., (t,) may be the sum of P,,,., (t,) 706
and P, (t,). P, ~1,) 706 15 the power being consumed by
the HVAC at time t,. P, (t,) 706 outputs a power Py, ~

(t,) corresponding to the amount of power being consumed
by the HVAC, as the HVAC 1s being adjusted by U(t,). U(t,)
1s a signal received by the HVAC that may cause, for
example, the HVAC to run longer 1f a user 1s hot and adjusts
a thermostat, attached to the HVAC, down a certain number
of degrees. Propagation module with vanable load 705 may
determine the amount of power to be supplied by the utility
distribution system (P grp(4)=P 040t -Ppp{t)—Pes(to)
and may determine an edge cost I(t, ,) or energy cost (e.g.,
Energy Cost 709). As explained above once the propagation
module determines the power to be supplied by the utility
distribution system, and the power at the load, a solar PV
resource, or energy storage (battery) ARA 409 may optimize
the edge cost ] to determine the resource (solar PV resource
or energy storage) to allocate to the load. The edge cost, or
cost function J, may be expressed as equation 1n (3):
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(3)
J =

i—1 —1

WZ [rerip (@) Perip(te) + res ) Pes (@) |Ar + (1 - W)Z(T(fk) — Trer)*
=0 k=0

n—1 n—1 04)
J=w) Jten) + (L=w) > (T(t) = Tror .
k=0 k=0

The expression

n—1
(L=w) ) (T(t) = Trer)?
=0

may be a penalty to enforce comfort of consumers 1 a
structure. As the HVAC 1s adjusted the value for w may
change between O and 1, where values closer to 0 indicate
a higher cost to the consumers but higher level of comfort to
the consumers because the HVAC may be on for a longer
period of time to keep the consumers cooler or warmer
depending on the settings. Conversely, values closer to 1
indicate a lower cost to the consumer but a lower level of
comfort to the consumers because the HVAC may be on for
a shorter period of time 1n order to reduce the amount of
power consumed by the HVAC thereby reducing the cost to
the consumers. T(t,) 1s the temperature 1n the structure at
time t;, and T, . may be areference (e.g., room temperature)
that 1s set within the structure. The reference temperature
may be based on a temperature that the average number of
consumers 1n a structure feel comfortable at, averaged over
a period of a year. For example, the average temperature
over a period of year, within the structure, may be the
reference temperature.

FIG. 8 depicts a coordinated voltage control 800, accord-
ing to one or more example embodiments of the disclosure.
Coordinated voltage control (CVC) module 800 may be an
implementation of CVC 208. CVC module 800 may send
control signals to one or more DOCS components and/or
one or more SEEMS components to coordinate feeder
voltage control between the utility distribution system and
microgrid. For example, CVC 208 may send a control
signal, to DOCS SCADA Interface 210, comprising instruc-
tions that cause DOCS SCADA Interface 210 to send signals
to one or more resources (e.g., Bat Cntrl 223 and/or PV Cntrl
224) to apply a certain voltage to distribution network 222
so that the voltage provided by distribution network 22 at
PCC 295 balances the voltage provided by the microgrid at
PCC 295. To that end, CVC 208 may comprise one or more
computer-executable instructions which when executed by a
processor 1n DOCS 211 cause microgrid service interface
205 to send one or more control signals to SEEMS-to-
Device Controller Interface 219 via Microgrid Service Inter-
face 205 and Micrognd Service Implementation 215 that
may cause SEEMS-to-Device-Controller Interface 219 to
apply a voltage at PCC 295 that balances with the voltage
applied by distribution network 222 at PCC 295.

CVC 800 regulates distribution system voltages to ensure
compliance by coordinated dispatch of both distribution
system and Microgrid assets, including switched capacitor
banks, tap-changing transformers, and reactive power set-
points on both utility- and customer-owned 1nverters. CVC
module 800 coordinates the available inverter interfaced
DERs and traditional regulation devices to maintain the
system-wide voltage within limits. Therefore, CVC module
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800 coordinates the voltage control of the available tradi-
tional voltage regulation devices and the inverter interfaced
DERs 1 the system. CVC module 800 maintains a system-
wide voltage profile within certain limits, supervises reac-
tive power generation between available DERs, and ensures
optimum use of voltage regulation devices. When a voltage
violation 1s detected the CVC module 800 may receive the
real and reactive power demand of the loads as well as the
real and reactive power generated by the utility distribution
system. CVC module 800 may execute a power flow solver
may be used to determine the voltages and angles. CVC
module 800 may then conduct a voltage sensitivity analysis
to determine the reactive power needed to get the system
voltage within limits. CVC module 800 may determine the
electrical distance to determine the best regulation device
from which to supply the reactive power (Q). If the required
QQ 1s more than the allowable limit of the regulation device,
the maximum Q available at the regulation device 1s pro-
vided and the algorithm takes the regulation device out of
the list. Then the power flow solver 1s updated with the new
system status and the next best regulation device. After
determining the responses needed to get the system voltage
within the limits, the algorithm sends the required reactive
power references back to the system.

CVC module 800 may receive the utility distribution
system’s real and reactive power (e.g., system real and
reactive power 801) signals and conduct a power flow or
state estimation (e.g., power flow or state estimation 802) in
order to determine the voltages and angle of voltages at
different nodes 803 1n the utility distribution system. For
example, at a first node 1n the utility distribution system, the
node may have a first voltage magnitude with a first angle,
and second node 1n the utility distribution system may have
a second voltage magnitude with a second angle. The first
voltage magnitude and the second voltage magnitude may
be different or the same. The first and second angles may be
different or the same. CVC module 800 may conduct a
voltage sensitivity analysis (e.g., voltage sensitivity analysis
804) to determine how adjusting the voltage magnitude and
angles at different nodes may affect the transfer of real and
reactive power throughout the utility distribution system. If
a reactive power 1s needed 1n the utility distribution system.
CVC module 800 may determine the reactive power (QQ)
required for a given distance (e.g., determine Q needed 805),
and then may determine the electrical distance (e.g., elec-
trical distance calculation 806) that the reactive power must
travel from a point of injection to the utility distribution
system. Before CVC module 800 1njects the reactive power
into the utility distribution system, CVC module 800 may
determine whether the reactive power 1s within the limits
(e.g., Q within limits 807). If it 1s not within the limits, CVC
module 800 may inject the maximum reactive power at a
given node and then remove that node from consideration
for mnjection of reactive power to the utility distribution
system for the next injection. CVC module 800 may then
update the list of nodes that are available to 1nject reactive
power, and may determine a power flow state estimation
again (e.g., power flow or state estimation 802). If however
the reactive power values are within the limits, CVC module
800 may transmit a signal with the corresponding reactive
power values or Q references 809 (e.g., send 808 Q refer-
ences). CVC module 800 may receive the system real and
reactive power values from telemetry 1n the utility distribu-
tfion system (e.g., distribution system 212), and may send the
Q references to the utility distribution system.

FIG. 9 depicts a messaging scheme of a control plane 900
of a utility distribution system and microgrid, according to
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one or more example embodiments of the disclosure. Con-
trol plane 900 1llustrates the control signals sent 1n a control
system, such as control system 201. DOCS 901 may com-
prise a voltage and voltage-ampere (VAR) control module
(e.g., Volt/VAR control module 906) that may receive dis-
tribution measurements 902 from telemetry devices con-
nected to diflerent nodes with the utility distribution system.
These nodes may be collocated with a distribution feeder
plant (e.g., distribution feeder plant 905) that distributes
power to utility distribution system endpoints (e.g., residen-
tial structures such as apartment buildings, condominiums,
townhomes, standalone homes, commercial structures, and
industnial structures) Volt/VAR control module 906 may
send distribution control signals (e.g., distribution controls
903) to the distribution feeder plant with instructions to
adjust the output of reactive and/or real power in the utility
distribution system. Volt/VAR control module 906 may send
microgrid control signals (e.g., microgrid controls (QQ) 904)
to a microgrid plant (e.g., microgrd plant 910) with nstruc-
tions to adjust the output of reactive and/or real power to the
microgrid (e.g., microgrid 213). Volt/VAR control module
906 may receive microgrid measurements (e.g., microgrid
measurements 918) from telemetry devices connected to
different parts of the mlcrognd

SEEMS 907 may comprise a forecasting module (e.g.,
forecasting module 908) and AORA interface (e.g., AORA
interface 909). Forecasting module 908 may be imple-
mented 1n accordance with forecasting module 600 and
AORA 1nterface 909 may be implemented in accordance
with AORA 409. Forecasting module 908 may receive
temperature forecast signals (e.g., temp forecast 916) from
one or more thermometers or thermostats 1 a physical
structure (e.g., residential structure, commercial structure,
industrial structure) and may output one or more forecasts
(e.g., forecasting outputs 917) to AORA interface 909.
Forecasting module 908 may also receive one or more price
profile selections (e.g., price profile selection 915) and may
use this to output one or more forecasts to AORA interface
909. AORA 1nterface 909 may send one or more control
signals (e.g., microgrid controls (P)) to microgrid plant 910
wherein the one or more control signals cause microgrid
plant 910 to adjust the real power within the microgrid. In
some embodiments, there may be a server that may enable
a user to iteract with DOCS 901 or SEEMS 907 via the
transmission control protocol (TCP)/internet protocol (IP)
suite of protocols. For example, server application 912 may
host an AORA application (e.g., AORA application 911) that
a user may be able to access and interact with different
components 1n DOCS 901 and SEEMS 907. AORA 1nter-
tace 909 may output signals recerved as mnputs (e.g., AORA
Inputs (TCP/IP) 913) at AORA application 911. AORA
application 911 may output signals (e.g., AORA Outputs
(TCP/IP) 914) to AORA 1nterface 909.

PCC 919 may be the PCC between the utility distribution
system and the microgrid. PCC 919 may the same PCC as
P, 225.

FIG. 10 depicts a process 1000 of optimizing a control
scheme for resource allocation, according to one or more
example embodiments of the disclosure. At step 1002, the
process may receive one or more microgrid measurements.
For example, in FIG. 9, AORA 909, may receive one or
more microgrid measurements 918 from microgrid plant
910. At step 1004, the process may receive one or more
clectricity prices associated with utility generation sources.

For example, AORA 909 may receive RIP electricity prices
from DOCS 901. In particular, DOCS 901 may receive one

or more RIP signals from a utility DMS/ADMS, such as
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utility DMS/ADMS 203. At step 1006, the process may
receive one or more Jforecasting measurements. For
example, AORA 909 may receive the one or more forecast-
ing measurements from Forecasting Module 908. At step
1008, the process may determine a cost associated with
renewable energy sources. For example, AORA interface
909 may execute one or more computer-executable mstruc-
tions on one or more processors (e.g., processor(s) 1414) to
determine a cost associated with one or more renewable
energy sources. At step 1010, the process may allocate the
renewable sources to a load. For example, 1n FIG. 9, AORA
Interface 909 may send one or more microgrid control
signals (e.g., microgrid controls (P) 920 to microgrid plant
910. The one or more microgrid control signals may com-
prise mstructions to allocate a solar PV resource to the load
or allocate energy storage/battery storage to the load.

FIG. 11 depicts a process 1100 of optimizing a control
scheme for resource allocation, according to one or more
example embodiments of the disclosure. At step 1102, the
process may, sample the mput of one or more distributed
(DERSs). At step 1104, the process may determine a predicted
amount of power produced by the one or more DERs. At step
1106, the process may determine a predicted amount of
power to be consumed by a load connected to the one or
more DERs. At step 1108, the process may determine a price
associated with the one or more DERs. At step 1110, the
process may determine a cost associated with the one or
more DERSs to provide the predicted amount of power to the
load from the one or more DERs. At step 1112, the process
may transier the predicted amount of power to the load from
the one or more DERs.

FIG. 12 depicts a process 1200 of optimizing a control
scheme for resource allocation, according to one or more
example embodiments of the disclosure. At step 1202, the
process may, determine a first cost associated with the one
or more distributed energy resources (DERs) at a {irst time.
At a step 1204, the process may determine a second cost
associated with the one or more DERs at a second time. At
step 1206, the process may determine a difference between
the first cost and the second cost based on at least 1n part on
a heuristic.

FIG. 13 depicts a process 1300 of optimizing a control
scheme for resource allocation, according to one or more
example embodiments of the disclosure. At step 1302, the
process may determine a {irst cost associated with each of
the one or more distributed energy resources (DERs) at a
first time. At step 1304, the process may determine a first
power associated with each of the one or more DERSs at the
first time. At step 1306, the process may determine the first
product of the first cost and the first power between the first
time and a second time for each of the one or more DERs.
At step 1308, the process may determine a second cost
associated with each of the one or more DERs at a second
time. At step 1310, the process may determine a second
power associated with each of the one or more DERs at the
second time. At step 1312, the process may determine a
second product of the second cost and the second power
between the second time and a third time for each of the one
or more DERs. At step 1314, the process may determine the
smallest first product associated with the one or more DERs.
At step 1316, the process may determine the second product
associated with the one or more DERs. At step 1318, the
process may determine a heuristic based on the smallest first
product and the smallest second product.

FIG. 14 depicts an exemplary computational environ-
ment, according to one or more example embodiments of the
disclosure and illustrates an example of a computational
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environment 1400 for power control 1n accordance with one
or more aspects of the disclosure. The example computa-
tional environment 1400 1s only illustrative and 1s not
intended to suggest or otherwise convey any limitation as to
the scope of use or functionality of such computational
environment’s architecture. In addition, the computational
environment 1400 should not be interpreted as having any
dependency or requirement relating to any one or combina-
tion of components illustrated 1n this example computational
environment. The illustrative computational environment
1400 can embody or can include, for example, DOCS 211,
SEEMS 220, and/or any other computing device that can
implement or otherwise leverage the power control features
described herein.

The computational environment 1400 represents an
example of a software implementation of the various aspects
or features of the disclosure in which the processing or
execution of the operations described 1n connection with the
power control described herein, including the processing of
information communicated (e.g., encoded, modulated, and/
or arranged) in accordance with this disclosure, can be
performed 1n response to the execution of one or more
software components at the computing device 1410. It
should be appreciated that the one or more software com-
ponents can render the computing device 1410, or any other
computing device that contains such components, a particu-
lar machine for the power control described herein. A
soltware component can be embodied 1n or can comprise
one or more computer-accessible instructions, €.g., coms-
puter-readable and/or computer-executable instructions. At
least a portion of the computer-accessible instructions can
embody one or more of the example techniques disclosed
herein. For instance, to embody one such method; at least the
portion of the computer-accessible mstructions can be per-
sisted (e.g., stored, made available, or stored and made
available) 1n a computer storage non-transitory medium and
executed by a processor. The one or more computer-acces-
sible 1nstructions that embody a software component can be
assembled 1nto one or more program modules, for example,
that can be compiled, linked, and/or executed at the com-
puting device 1410 or other computing devices. Generally,
such program modules comprise computer code, routines,
programs, objects, components, information structures (e.g.,
data structures and/or metadata structures), etc., that can
perform particular tasks (e.g., one or more operations) in
response to execution by one or more processors, which can
be mtegrated into the computing device 1410 or functionally
coupled thereto.

The various example embodiments of the disclosure can
be operational with numerous other general purpose or
special purpose computing system environments or configu-
rations. Examples of well-known computing systems, envi-
ronments, and/or configurations that can be suitable for
implementation of various aspects or features of the disclo-
sure 1n connection with power control, including the pro-
cessing of information communicated (e.g., encoded, modu-
lated; and/or arranged) in accordance with the features
described herein, can comprise personal computers; server
computers; laptop devices; handheld computing devices,
such as mobile tablets; wearable computing devices; and
multiprocessor systems. Additional examples can include
set-top boxes, programmable consumer electronics, network
PCs, mimicomputers, mainframe computers, blade comput-
ers, programmable logic controllers, distributed computing
environments that comprise any of the above systems or
devices, and the like.
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As 1llustrated, the computing device 1410 can comprise
one or more processors 1114, one or more iput/output (1/0)
interfaces 1416, a memory 1430, and a bus architecture 1432
(also termed bus 1432) that functionally couples various
functional elements of the computing device 1410. The bus
1432 can include at least one of a system bus, a memory bus,
an address bus, or a message bus, and can permit the
exchange of information (data, metadata, and/or signaling)
between the processor(s) 1414, the I/O interface(s) 1416,
and/or the memory 1430, or the respective functional ele-
ments therein. In scenarios 1 which the processor(s) 1414
include multiple processors, the computing device 1410 can
utilize parallel computing.

The I/O interface(s) 1416 can permit or otherwise facili-
tate the commumnication of information between the com-
puting device and an external device, such as another
computing device, e.g., a network element or an end-user
device. Such communication can include direct communi-
cation or indirect communication, such as the exchange of
information between the computing device 1410 and the
external device via a network or elements thereof. As
illustrated, the I/O interface(s) 1416 can comprise one or
more ol network adapter(s) 1418, peripheral adapter(s)
1422, and display unit(s) 1426. Such adapter(s) can permit
or facilitate connectivity, between the external device and
one or more of the processor(s) 1414 or the memory 1430.
In one aspect, at least one of the network adapter(s) 1418 can
couple functionally the computing device 1410 to one or
more computing devices 1470 via one or more tratlic and
signaling pipes 1160 that can permit or facilitate exchange of
traflic 1462 and signaling 1464 between the computing
device 1410 and the one or more computing devices 1470.
Such network coupling provided at least in part by the at
least one of the network adapter(s) 1418 can be implemented
in a wired environment, a wireless environment, or both.
The information that 1s communicated by the at least one
network adapter can result from the implementation of one
or more operations in a method of the disclosure. Such
output can be any form of visual representation including,
but not lmited to, textual, graphical, animation, audio,
tactile, and the like. In certain scenarios, computing devices
1470 may be anyone of Bat Cntrl 229, PV Catrl 230, or Load
Cntrl 231. In addition or 1n the alternative, the display unit(s)
1426 can include functional elements (e.g., lights, such as
light-emitting diodes; a display, such as a liquid crystal
display (LCD), combinations thereot, or the like) that can
permit control of the operation of the computing device
1410, or can permit conveying or revealing the operational
conditions of the computing device 1410.

Radio Unit 1420 may comprise one or more processors,
transceivers, and antennas communicatively coupled to the
one or more processors and transceivers. Radio Unit 1420
may transmit and receive signals using the antenna and
transceiver.

In one aspect, the bus 1432 represents one or more of
several possible types of bus structures, including a memory
bus or memory controller, a peripheral bus, an accelerated
graphics port, and a processor or local bus using any of a
variety ol bus architectures. As an 1illustration, such archi-

tectures can comprise an Industry Standard Architecture
(ISA) bus, a Micro Channel Architecture (MCA) bus, an

Enhanced ISA (EISA) bus, a Video .

Electronics Standards
Association (VESA) local bus, an Accelerated Graphics Port
(AGP) bus, and a Peripheral Component interconnects (PCI)
bus, a PCI-Express bus, a Personal Computer Memory Card
industry Association (PCMCIA) bus, a Universal Serial Bus
(USB), and the like. The bus 1432, and all buses described
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herein, can be implemented over a wired or wireless network
connection, and each of the subsystems, including the pro-
cessor(s) 1414, the memory 1430 and memory eclements
therein, and the I/O mterface(s) 1416 can be contained
within one or more remote computing devices 1470 at
physically separate locations, connected through buses of
this form, 1n eflect implementing a fully distributed system.

The computing device 1410 can comprise a variety of
computer-readable media. Computer-readable media can be
any available media (and non-transitory) that can be
accessed by a computing device. In one aspect, computer-
readable media can comprise computer non-transitory stor-
age media (or computer-readable non-transitory storage
media) and communications media. Example computer-
readable non-transitory storage media can be any available
media that can be accessed by the computing device 1410,
and can comprise, for example, both volatile and non-
volatile media, and removable and/or non-removable media.
In one aspect, the memory 1430 can comprise computer-
readable media 1n the form of volatile memory, such as
random access memory (RAM), and/or non-volatile
memory, such as read-only memory (ROM).

The memory 1430 can comprise SEEMS 1431, compris-
ing SEEMS-to-DOCS Comms 1432, Microgrid Service
Implementation 1433, Forecasting 1435, Model State Esti-
mation 1434, AGRA 1436, and SEEMS-to-Device-to Con-
troller Interface 1437. Such information can include at least
one of code 1nstructions, information structures, or the like.
At least one of the one or more interfaces 1450 (e.g.,
application programming interface(s)) can permit or facili-
tate the communication of information between two or more
components within the functionality SEEMS 1431. The
information that 1s communicated by the at least one inter-
face can result from 1implementation of one or more opera-
tions 1 a method of the disclosure.

In addition, the memory 1430 can comprise computer-
accessible 1nstructions and information (e.g., data and/or
metadata) that permit or facilitate the operation and/or
administration (e.g., upgrades, software installation, any
other configuration, or the like) of the computing device
1410. Accordingly, as illustrated, the memory 1430 can
comprise a memory element 1442 (labeled OS 1nstruction(s)
1442) that contains one or more program modules that
embody or 1include one or more operating systems, such as
Windows operating system, Unix, Linux, Symbian,
Android, Chromium, and substantially any operating system
suitable for mobile computing devices or tethered comput-
ing devices. In one aspect, the operational and/or architec-
tural complexity of the computing device 1410 can dictate a
suitable operating system. The memory 1430 also comprises
a system mnformation storage 1446 having data and/or meta-
data that permits or facilitates the operation and/or admin-
istration of the computing device 1410. Elements of the OS
instruction(s) 1442 and the system information storage 1446
can be accessible or can be operated on by at least one of the
processor(s) 1414.

The computing device 1410 and/or one of the computing
device(s) 1470 can include a power supply (not shown),
which can power up components or functional elements
within such devices. The power supply can be a rechargeable
power supply, e.g., a rechargeable battery, and it can include
one or more transformers to achieve a power level suitable
for operation of the computing device 1410 and/or one of the
computing device(s) 1470, and components, Tunctional ele-
ments, and related circuitry therein. In certain scenarios, the
power supply can be attached to a conventional power grid
to recharge and ensure that such devices can be operational.
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In one aspect, the power supply can include an 1/0 1nterface
(e.g., one of the network adapter(s) 1418) to connect opera-
tionally to the conventional power grid. In another aspect,
the power supply can include an energy conversion compo-
nent, such as a solar panel, to provide additional or alter-
native power resources or autonomy for the computing
device 1410 and/or one of the computing device(s) 1470.

The computing device 1410 can operate 1n a networked
environment by utilizing connections to one or more remote
computing devices 1470. As an illustration, a remote com-
puting device can be a personal computer, a portable com-
puter, a server, a router, a network computer, a peer device
or other common network node, and so on. As described
herein, connections (physical and/or logical) between the
computing device 1410 and a computing device of the one
or more remote computing devices 1470 can be made via
one or more trathic and traflic 1462 or signaling 1464 which
can comprise wireline link(s) and/or wireless link(s) and
several network elements (such as routers or switches,
concentrators, servers, and the like) that form a local area
network (LAN) and/or a wide area network (WAN). Such
networking environments are conventional and common-
place n dwellings, oflices, enterprise-wide computer net-
works, intranets, local area networks, and wide area net-
works.

Blocks of the block diagrams and flow diagrams support
combinations of means for performing the specified func-
tions, combinations of elements or steps for performing the
specified functions and program instruction means for per-
forming the specified functions. It will also be understood
that each block of the block diagrams and flow diagrams,
and combinations of blocks 1n the block diagrams and tlow
diagrams, may be implemented by special-purpose, hard-
ware-based computer systems that perform the specified
functions, elements or steps, or combinations of special-
purpose hardware and computer instructions.

Conditional language, such as, among others, “can,”
“could,” “might,” or “may,” unless specifically stated oth-
erwise, or otherwise understood within the context as used,
1s generally intended to convey that certain implementations
could include, while other implementations do not include,
certain features, elements, and/or operations. Thus, such
conditional language 1s not generally intended to imply that
teatures, elements, and/or operations are 1n any way required
for one or more implementations or that one or more
implementations necessarily include logic for deciding, with
or without user input or prompting, whether these features,
clements, and/or operations are included or are to be per-
formed 1n any particular implementation.

Many modifications and other implementations of the
disclosure set forth herein will be apparent having the
benellt of the teachings presented 1n the foregoing descrip-
tions and the associated drawings. Therefore, 1t 1s to be
understood that the disclosure 1s not to be limited to the
specific 1implementations disclosed and that modifications
and other implementations are intended to be included
within the scope of the appended claims. Although specific
terms are employed herein, they are used 1n a generic and
descriptive sense only and not for purposes of limitation.

What 1s claimed 1s:

1. A method comprising:

determining, by one or more computer processors coupled
to at least one memory, at a first time, a first cost
associated with one or more renewable energy sources
within a microgrid,



US 11,720,831 B2

27

determining, by the one or more computer processors, at
a second time, a second cast associated with the one or
more renewable energy sources with 1n the microgrid,
determining, by the one or more computer processors, a
heuristic based on the first cost and the second cost;

determining, by the one or more computer processors,
based on the heuristic, an estimated cost associated
with the one or more renewable energy sources within
the microgrid;

determining, by the one or more computer processors,

based on the estimated cast, an allocation of the one or
more renewable energy sources within the microgrid to
one or more loads in the microgrd;

generating one or more control signals based on the

allocation of the one or more renewable energy sources
within the microgrid; and

causing to send the control signals to one or more con-

trollers 1n the microgrid.

2. The method of claim 1, wherein the one or more
renewable energy sources comprise solar photovoltaic (PV)
plants, wind farms, or piezoelectric energy scavenging
devices.

3. The method of claim 1, wherein the allocation of the
one or more renewable energy sources within the microgrid
1s based on a lowest costing renewable energy source of the
one or more renewable energy sources.

4. The method of claim 1, wherein the allocation of the
one or more renewable energy sources within the microgrid
1s based on a sample based model predictive optimization
(SBMPO) of the one or more renewable energy sources.

5. The method of claim 4, wherein the SBMPO 1s based
on the estimated cost.

6. The method of claim 1, wherein the one or more
controllers comprise at least one solar PV controller.

7. A device comprising:

at least one memory storing computer-executable mnstruc-

tions; and

at least one processor configured to access the at least one

memory and execute the computer-executable mstruc-
tions to:
determine, by one or more computer processors
coupled to at least one memory, at a first time, a first
cost associated with one or more renewable energy
sources within a microgrid;
determine, by the one or more computer processors, at
a second time, a second cost associated with the one
or more renewable energy sources within the micro-
or1d;
determine, by the one or more computer processors, a
heuristic based on the first cost and the second cost:
determine, by the one or more computer processors,
based on the heuristic, an estimated cost associated
with the one or more renewable energy sources
within the micrognd; and
determine, by the one or more computer processors,
based on the estimated cost, an allocation of the one
or more renewable energy sources within the micro-
orid to one or more loads 1n the microgrid;
wherein the at least one processor 1s further config-
ured to access the at least one memory and execute
the computer-executable instructions to:
generate one or more control signals based on the
allocation of the one or more renewable energy
sources within the microgrid; and
cause to send the control signals to one or more
controllers 1n the microgrid.
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8. The device of claim 7, wherein a controller of the one
or more controllers comprise at least one solar PV controller.

9. The device of claim 7, wherein the one or more
renewable energy sources comprise solar photovoltaic (PV)
plants, wind farms, or piezoelectric energy scavenging
devices.

10. The device of claam 7, wherein the allocation of the
one or more renewable energy sources within the microgrd
1s based on a lowest costing renewable energy source of the
one or more renewable energy sources.

11. The device of claim 7, wherein the allocation of the
one or more renewable energy sources within the microgrid
1s based on a sample based model predictive optimization
(SBMPO) of the one or more renewable energy sources.

12. The device of claim 11, wherein the SBMPO 1s based
on the estimated cost.

13. A method comprising:

determining, by one or more computer processors coupled

to at least one memory, at a first time, a first cost
associated with a renewable energy source within a
microgrid;

determining, by the one or more computer processors, at

the first time, a first power associated with the renew-
able energy source within the micrognd;

determining, by the one or more computer processors, a

first product, wherein the first product 1s a product of
the first cost and the first power associated with the
renewable energy source within the microgrid between
the first time and a second time, and wherein a plurality
of first products includes the first product;
determiming, by the one or more computer processors, at
the second time, a second cost associated with the
renewable energy source within the microgrid;
determiming, by the one or more computer processors, at
the second time, a second power associated with the
renewable energy source within the microgrid;

determining, by the one or more computer processors, a

second product, wherein the second product 1s a prod-
uct of the second cost and the second power associated
with the renewable energy source within the microgrd
between the second time and a third time, and wherein
a plurality of second products includes the second
product;

determining, by the one or more computer processors, a

smallest first product of the plurality of first products;

determining, by the one or more computer processors, a

smallest second product of the plurality of second
products;

determiming, by the one or more computer processors, a

heuristic based on the smallest first product and the
smallest second product;

determiming, by the one or more computer processors,

based on the heuristic, a plurality of estimated costs
associated with the renewable energy source with 1n the
microgrid;

determiming, by the one or more computer processors,

based on the plurality of estimated costs, an allocation
of the renewable energy source within the micrognd to
one or more loads 1n the microgrid;

generating one or more control signals based on the

allocation of the renewable energy source within the
microgrid; and

causing to send the control signals to one or more con-

trollers 1n the micrognrid.
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14. The method of claim 13, wherein the allocation of the
renewable energy source within the microgrid 1s based on a
sample based model predictive optimization (SBMPO) of
the renewable energy source.

15. The method of claim 14, wherein the SBMPO i1s based 5
on the plurality of estimated costs.

16. The method of claam 13, wherein the renewable
energy source comprises a solar photovoltaic (PV) plant, a
wind farms, or a piezoelectric energy scavenging device.

17. The method of claim 13, wherein the allocation of the 10
renewable energy source within the microgrid 1s based on a
lowest costing renewable energy source.

¥ H H ¥ ¥

30



	Front Page
	Drawings
	Specification
	Claims

